Local hydromagnetic simulations of accretion-disc turbulence currently provide the most convincing evidence that the origin of turbulence in discs could be the Balbus{ Hawley magnetorotational instability. The main results of such calculations are highlighted with particular emphasis on the generation of large-scale magnetic elds.
Introduction
In recent years, a number of hydromagnetic turbulence simulations have emerged that show the generation of large-scale elds of appreciable strength, often exceeding the equipartition eld strength of the turbulence. This is possible if there is strong di¬erential rotation from which to draw energy. One such example is in the context of accretion discs (Brandenburg et al. 1995) , where the di¬erential rotation is strong. Numerical simulations suggest that the magnetic energy can be several times larger than the turbulent kinetic energy. Another example is the geodynamo (Glatzmaier & Roberts 1995) , where the energy of the magnetic eld strength exceeds the kinetic energy of the small-scale convective motions by several orders of magnitude. In the case of late-type stars, the magnetic energy is roughly comparable with the kinetic energy of the turbulence at the bottom of the convection zone, where the magnetic eld can accumulate. In the case of accretion discs, the turbulence is driven by the magnetic eld itself through the magnetorotational (or Balbus{Hawley) instability (Balbus & Hawley 1991) . By contrast, in the case of the Sun, there is turbulent convection, which leads to dynamo action. However, the strong shear at the bottom of the convection zone can enhance the toroidal magnetic eld to super-equipartition values. The strong toroidal magnetic eld can become buoyantly unstable so that in those regions the ®ow is at least partly driven by the magnetic eld, similar to the case of accretion discs. In the presence of rotation, magnetic buoyancy can, like thermal buoyancy, generate a poloidal eld from a toroidal one and can thus cause an alpha-e¬ect (Schmitt 1985; Brandenburg & Schmitt 1998) , which is important in mean-eld dynamo theory (Krause & R adler 1980) . Both in the Sun and in discs, the magnetic eld extends beyond the actual dynamo region into the low-density exterior. There, the magnetic pressure can strongly exceed the gas pressure (small plasma beta) and the ®uid motions are strongly a¬ected by the magnetic eld. Footpoint motions of the eld lines anchored in the disc or the star are thought to bring eld lines into complicated interwoven con gurations that may reconnect once the magnetic stresses exceed some threshold. This is one of the possible processes that can heat the solar corona and may also contribute to heating the coronas of accretion discs. In both cases, the hot corona is unsteady and turns into a wind. In the case of discs, those out®ows can take the form of a strong collimated jet.
The purpose of this paper is to review results and shortcomings of local accretiondisc simulations (x 2), and to assess what can be learned about the generation of large-scale magnetic elds in other bodies such as stars (x 3). The { dynamo concept is then used to extrapolate our knowledge to systems with global geometry. In particular, we focus on the possibility of launching and collimating jets from the inner parts of an accretion disc without invoking an externally imposed large-scale magnetic eld (x 4).
Aspects of local accretion-disc simulations
The Balbus{Hawley instability destabilizes laminar gas ®ows in di¬erentially rotating bodies in the presence of an arbitrarily oriented magnetic eld, provided the angular velocity decreases outwards and the eld strength does not exceed some upper limit. The ®ows generated by this instability typically lead to turbulence (Hawley et al . 1995; Matsumoto & Tajima 1995) and this turbulence has the property of enhancing and sustaining the magnetic eld by dynamo action (Brandenburg et al. 1995; Stone et al. 1996) . During this process, energy is drawn from the di¬erential rotation. A major portion of the energy goes directly into magnetic energy. Part of it is directly dissipated via ohmic heating. The remaining part drives the turbulence, which is then also dissipated via viscous heating (see gure 1). It is possible that, although most of the energy goes rst into magnetic energy, most of the dissipation is not magnetic but occurs through turbulent viscosity. In the original simulation of Brandenburg et al . (1995) the two terms were in fact comparable.
The magnetic eld in the disc could be maintained by currents outside the disc, for example in the central object (which could be a young star or a compact star) or in the environment in which the disc is embedded (molecular cloud or host galaxy). Another possibility, which will be discussed in more detail in the next section, is to generate and maintain the magnetic eld within the disc itself by turbulent dynamo action. Before coming to that, we rst address the important question of the strength of the kinetic and magnetic stresses that lead to an accretion ®ow. (This discussion applies to both dynamo-generated elds and externally maintained elds.) The total (kinetic and magnetic) stress is given by
where is the density, u the velocity, B the magnetic eld, 0 the magnetic permeability, and cylindrical polar coordinates ($; ; z) have been adopted. The angle brackets denote either horizontal or volume averages, and primes denote deviations from those averages. A convenient non-dimensional measure of the stress that is frequently adopted is~S
where p = c 2 s is the pressure and c s is the isothermal sound speed. Numerical simulations of dynamo-generated turbulence carried out by various groups (Brandenburg et al . 1995 (Brandenburg et al . , 1996a Stone et al . 1996) suggest that the average value of S S is ca. 0.01 if volume averages are adopted. Another somewhat di¬erent normalization, originally due to Shakura & Sunyaev (1973) , arises if the stress is expressed in terms of a turbulent viscosity, t = S S c s H, where the stress is assumed to take a form similar to the viscous stress, albeit with a much larger (turbulent) viscosity, so
where is the local angular velocity and H is the disc height. In the above normalization with t = S S c s H, we have S S = 0:47~S S , where the numerical factor results from a 3=2 factor for the Keplerian angular velocity gradient and a p 2 factor from the de nition of the scale height H = p 2c s = . In this normalization, Brandenburg et al . (1996a) found S S 0:007 in their highest-resolution calculations, which corresponds to~S S 0:015. A problem with both representations is that the values of hpi and h i decrease as the computational domain increases. At the same time, the kinetic and magnetic stresses do not strongly decrease with height (Brandenburg et al . 1996b ). This makes the S S value dependent on the size of the domain considered. This is avoided by expressing the stress in terms of c s , where = Z dz is the vertically integrated density. This yields a non-dimensional stress,
that is, in our present case, approximately four times smaller than~S S , because = h iL z , and the vertical box size, L z , is approximately four scale heights, sô S S = 0:002. It is important to realize that the value of S S changes signi cantly with time. This is mostly because the dynamo-generated magnetic eld varies strongly with time. In gure 2 we plot the dependence of S S on time and on the mean toroidal magnetic eld strength. It is quite conceivable that the eld strength resulting from the local dynamo may not be representative of the eld that would be present in global geometry. In local geometry with periodic (or shearing-periodic) boundary conditions, the vertical mean magnetic eld is strictly zero at all times. It is quite possible that the overall eld strength will increase once the vertical mean eld is no longer restricted to be zero, as in local simulations. Nevertheless, a potentially important result from the local simulations is that for both dynamo-generated elds and for imposed elds, S S is proportional to the instantaneous mean toroidal eld strength, so
(see Brandenburg (1999) , correcting an error in the coe¯cient in Brandenburg et al . (1996a) ). One may hope that this dependence remains approximately valid even in the global case. If so, and if the mean magnetic energy becomes comparable with the thermal energy, one may expect that in the global case the values of S S could be signi cantly larger than the value of 0.01 obtained so far.
Magnetic¯eld regeneration (a) The dynamo in disc simulations
We now discuss properties of the dynamo-generated eld. Unlike the dynamo simulations of Hawley et al . (1996) with periodic boundary conditions in the vertical direction, in the simulations of Brandenburg et al. (1995) , where the horizontal eld components were assumed to vanish on the top and bottom boundaries, the toroidal magnetic ®ux was not constrained to vanish. Even though the initial eld had zero net ®ux, after some time the horizontal net ®ux, or mean eld, became signi cantly di¬erent from zero. This mean eld varied approximately periodically. Throughout this section, we use a local Cartesian box that is located at position ($; ; z) = (R; R 0 ; 0), where 0 = p GM=R 3 and H=R 1. Our Cartesian coordinates are (x; y; z), where x = $ R and y = R( 0 t). In gure 3 we plot a space-time diagram of the mean poloidal and toroidal magnetic elds, hB x i and hB y i, respectively, as functions of t and z, where time t is measured in units of the orbital period, T rot = 2 = , and height z above the midplane is measured in units of the initial vertical density scale height H 0 . In this particular simulation, the magnetic eld is enforced to be strictly symmetric about the midplane. Without this restriction the eld turned out to be very nearly symmetric about the midplane (see Brandenburg et al. 1995) . We note that hB x i is approximately 30 times weaker and much more noisy than hB y i, but in both cases there is a clear spatio-temporal structure with a nite migration speed away from the midplane to the upper and lower boundaries, z = 2H 0 . The initial scale height, H 0 , di¬ers somewhat from the actual scale height because of viscous and ohmic heating, which cause the temperature in the disc to increase.
The fact that a large-scale magnetic eld is generated is interesting, because it demonstrates the ability of the system to produce magnetic elds on scales larger than the typical scale of the turbulence, but comparable with the size of the box. This, on the other hand, also means that the size, geometry and other properties of the box, such as boundary conditions, do matter. The limitations of a local simulation are therefore clear: in order to get things right, one really has to simulate the whole system covering a much larger range of scales. The only turbulence simulation to date which attempted to do this was done by Armitage (1998) Figure 4 . Correlation of the mean toroidal component of the electromotive force with the mean toroidal magnetic¯eld. Here, the hBy i and E y¯elds are averaged over the entire Northern Hemisphere and normalized with B0 = h 0 c 2 s i 1 = 2 and E 0 = hcs iB0 , respectively. The negative correlation is suggestive of a negative e® ect. Note, however, the strong noise in the relation between E y and hBy i. The noise is somewhat reduced when E y is correlated with hBiy at a later time, t + ¢ t, where ¢ t = 5Trot , corresponding to a =3 phase lag (b).
strati cation and there was also no large-scale eld on the scale of the entire disc. This lack of large-scale coherence of the eld could be explained on the one hand simply by the fact that the simulation has not been run for long enough. On the other hand, this lack of large-scale eld coherence could be connected with the absence of strati cation in this case. It is well known that the combination of strati cation and rotation leads to a systematic departure from mirror-symmetry, as measured by helicity for example. This is known to be a crucial prerequisite of { dynamos (e.g. Krause & R adler 1980) , which will be discussed next.
A conceptual di¯culty in applying { dynamos to discs is that the turbulent ®ow is itself driven by the magnetic eld. Normally the { dynamo is used to explain the ampli cation of weak seed magnetic elds for a given turbulence eld. Here, on the other hand, the turbulence is already magnetized. Indeed, there have been several approaches to determine an e¬ect in the presence of a small-scale magnetic eld. Frisch et al . (1975) and Pouquet et al . (1976) found that is to be replaced by the residual , which consists of kinetic and current helicity. Similar ideas go back to Vainshtein (1972) and Zeldovich et al . (1983) . However, in our case, the turbulence and the small-scale magnetic eld are highly anisotropic, so must be a highly anisotropic tensor. Since shear is very strong, the e¬ect can be neglected for generating a mean toroidal magnetic eld. (We assume here that the mean eld is axisymmetric; otherwise this approximation would not be valid.) However, the poloidal (or radial) eld cannot be generated by shear, but it can be regenerated from toroidal eld by the phi{phi component of the tensor. In our Cartesian model, we refer to this component as yy .
(b) Evidence for a dynamo from the simulations
The tensor relates the mean electromotive force to the mean magnetic eld. In order to assess the possibility of such a relation, in gure 4 we plot the correlation of the mean toroidal eld with the toroidal and radial components of the electromotive force, E = hu 0 B 0 i. Looking at gure 4, one can see that E is correlated with the horizontal components of hB i. The proportionality coe¯cient between E y and hB y i is an important quantity and is basically our yy . This is not to be confused with the Shakura{Sunyaev alpha, which carries the subscript SS. Note that yy is negative in the upper disc plane. This is surprising in view of the fact that conventional theories that assume isotropy (e.g. Mo¬att 1978) predict yy to be a negative multiple of the kinetic helicity, which, in our case, has a negative sign, as expected for cyclonic turbulence (e.g. Parker 1979 ). The unconventional sign of yy can be explained if the ®ow is governed by magnetic (instead of thermal) buoyancy in the presence of strong shear and rotation (Brandenburg 1997 (Brandenburg , 1999 . This idea has now also been veri ed using the rst-order smoothing approach (G. R udiger, personal communication).
It is clear that the e¬ect is actually extremely noisy. We note that the strong scatter can be somewhat reduced if a =3 phase lag of the magnetic eld is assumed (see gure 4b), which could be suggestive of a non-instantaneous or dynamical e¬ect (see, for example, Kleeorin et al . 1995; Covas et al. 1997) . Nevertheless, the correlation between hB i and E remains relatively loose. The possibility of strong ®uctuations has prompted Vishniac & Brandenburg (1997) to investigate the dynamo e¬ect in this case where is changed randomly as a function of space and time. They referred to this as the incoherent e¬ect. In the absence of shear, Mo¬att (1978) found that for a random (incoherent) e¬ect, the magnetic eld can grow at the smallest possible scale (a negative magnetic di¬usion e¬ect). However, the shear, together with turbulent di¬usion, can cause the toroidal eld to have the same sign over the entire disc height for times comparable with the magnetic di¬usion time. This could be the reason why the mean toroidal eld varies reasonably smoothly in space and time, in spite of an extremely noisy e¬ect.
If anything, it is probably a combination of incoherent and coherent (ordinary) e¬ect that could be invoked to explain the mean-eld generation in our simulation. Otherwise, with the incoherent e¬ect alone, it would be di¯cult to explain the systematic migration away from the midplane, which is a natural property of the migratory Parker dynamo with negative e¬ect in the upper disc plane and a negative angular velocity gradient.
(c) Comparison with predictions from { dynamo theory
Here, we discuss a number of aspects of mean-eld { dynamos that can be compared with properties of the actual turbulence simulation. We adopt horizontal averages that are functions of z and t. This is appropriate to characterize the local disc simulations. However, because the horizontal boundaries are periodic, the vertical ®ux, i.e. the vertical mean eld, is constant in time. Furthermore, because r hB i = @hB z i=@z = 0, hB z i is also constant in z. Since hB z i = 0 initially, hB z i = 0 for all times. Thus, hB i = (hB x i; hB y i; 0). The { dynamo equations are then
where we have assumed that t = const:, which is not a very crucial simpli cation. The onset of dynamo action is governed by the dynamo number, D = 3 2 0 H 3 0 = 2 t , where yy = 0 z=H 0 has been assumed. See Brandenburg (1999) for details. We are mostly concerned with the case 0 < 0; the critical dynamo number is then D 400. We now highlight four points where agreement between simulations and mean-eld model can be found.
(i) The most easily excited solution is oscillatory and has quadrupole-type parity. This agrees with the behaviour and parity of the mean eld found in the simulations. Furthermore, if perfectly conducting boundaries are assumed, i.e. @hB x i=@z = @hB y i=@z = 0 on the boundaries, the mean-eld model predicts steady solutions with dipole-type parity (again for 0 < 0). This too is in agreement with the original simulations (see Brandenburg 1999) .
(ii) For oscillatory solutions, the migration direction of the eld depends on the sign of 0 . Only for 0 < 0 do we have migration away from the midplane. This is in agreement with the simulation, where the magnetic eld does move away from the midplane and where a direct determination of 0 suggests negative values (see gure 4).
(iii) Mean-eld theory predicts that the magnetic cycle period is related to the magnitude of 0 via
3)
The simulation gave 0 0:001 H, so T cyc 30T rot , which is in good agreement with the simulation; see gure 3 to verify that T cyc 30T rot .
(iv) The value of t can be estimated by assuming that the mean-eld dynamo is marginally excited. This yields t 0:008 H 2 . Assuming, furthermore, a turbulent magnetic Prandtl number of unity, this would correspond to a value of t that is close to the value obtained from the horizontal stress (see x 2).
Although the similarities between the { model and simulation are remarkable, one must realize that there are still some major problems with { theory. We recall that the simulations give extremely noisy values of , and this may become worse at higher resolution. The magnetic Reynolds numbers are around 100. For larger values, it takes longer before the simulations start to produce magnetic elds with large-scale spatio-temporal coherence. Also, attempts to verify the detailed functional dependence of E (hB i) suggest that the product hB i may need to be replaced by a convolution, ? hB i, which corresponds to a multiplication in Fourier space. An analysis of the simulation data seems to suggest that the contributions from the smallest wavenumbers dominate (Brandenburg & Sokolo¬ 2000) . In that sense, a one-mode truncation of the dynamo equations could possibly be closer to the truth than the original partial di¬erential equation. Similar suggestions have been made in the context of stellar cycles .
A more detailed test of { dynamo theory would be to compare dynamos in global geometry. It is therefore important to produce a global simulation of a turbulent disc dynamo with strati cation included. There are still some major di¯culties, especially in connection with the low-density regions away from the midplane. Of great astrophysical interest, of course, is the investigation of associated out®ows that are expected to be collimated into a jet at larger distances above the disc. In the following, we explore this question using a two-dimensional axisymmetric model, where the magnetic eld is generated by an { dynamo with negative e¬ect in the upper disc plane.
Out°ows from disc dynamos
We now want to discuss the possible role of dynamo-generated magnetic elds for launching and collimating jets emanating from accretion discs.y Our main motivation for this type of work stems from the somewhat unsatisfactory feature of many jet models, that a prescribed axial magnetic eld has to be assumed (e.g. Bell & Lucek 1995; Matsumoto et al . 1996; Ustyugova et al. 1999) . In star-forming regions, such as in NGC 1333, a large number of jets, apparently all pointing in di¬erent directions, are seen (Hodapp & Ladd 1995) . This would make the idea of a uniformly directed large-scale eld as the main collimator perhaps less plausible. It is possible, however, that di¬erently aligned jets are far apart in the direction along the line of sight. Also, even though the star-forming process is not uniform, an initially non-uniform magnetic eld could still end up being coherent over the length of the jet. However, in the case of jets emanating from X-ray binaries, such as microquasars (Mirabel & Rodriguez 1998) , the disc material comes from a secondary, so there is no external source of magnetic ®ux to replenish the eld that is dragged inwards. Also, it is di¯cult to envisage how, in that case, an imposed eld could be compressed to eld strengths that are large enough to be dynamically important for collimating the jet.
Our model consists of a prescribed disc in which a non-vanishing e¬ect and a nonvanishing turbulent di¬usivity are assumed. The coe¯cient is negative in the upper disc plane. In this case, the magnetic eld would be oscillatory and of quadrupolar parity (i.e. symmetric about the midplane), but the out®ow can turn the eld into a steady dipolar one (antisymmetric about the midplane). Furthermore, we assume that the model is piecewise polytropic such that the entropy in the disc is lower than in the halo surrounding the disc. The initial state is an equilibrium solution where the halo is gas-pressure supported, but the disc, which is cooler and denser than the halo, is supported mainly centrifugally. We simulate the cooler disc here by a xed entropy pro le. This is done as a crude substitute for the missing radiation and ionization physics that is responsible for cooling the surfaces of star and disc. We inject matter locally into the disc using a source term in the continuity equation, which is di¬erent from zero only where the density in the disc drops below its initial value. This source term is proportional to the density de cit. There is a corresponding term in the momentum equation to ensure that the matter is injected at the local Keplerian speed. Again, the motivation behind this approach is to represent some of the physics of the underlying, much denser, disc, where most of the material is supplied from much larger radii. Our simulation is only able to represent the lessdense layers away from the midplane, and any removal of mass there must be quickly replenished by hydrostatic adjustment within the disc. The hydromagnetic equations are solved in cylindrical polar coordinates, ($; ; z), assuming axisymmetry. Spatial derivatives are calculated using sixth-order nite differences, and a third-order Runge{Kutta integrator has been adopted. A shockcapturing viscosity proportional to the local compression has been used.
In gure 5 we give a sequence of snapshots showing how an out®ow is produced. At rst this out®ow transports angular momentum and toroidal magnetic eld at an angle of ca. 45 from the disc. As time goes on, the toroidal magnetic eld in the halo and away from the axis begins to grow, both because of magnetic buoyancy and advection from the disc and because of shear. Eventually, the magnetic pressure from the toroidal magnetic eld in the outer parts becomes comparable with the gas pressure on the axis. This is the time when the jets begin to collimate.
In gure 6 we plot eld lines together with velocity vectors on a background representing the density (dark means high density). Near the disc surface, the eld lines diverge radially from the centre, but further away from the disc, the eld lines that are close to the axis become vertical. There is a converging cone around the axis where the density is enhanced. Here, the wind speed is highest. This is because those eld lines originate from a point close to the star, where the gravitational potential is deepest, so the escape velocity for particles on those eld lines is highest.
The eld lines that are further away from the axis originate from cooler parts of the disc and the out®ow along those eld lines is slower, but still very important, because this slow wind transports signi cant amounts of toroidal magnetic eld and angular momentum from the disc into the outer parts of the halo.
In order to see where the mass actually comes from, in gure 7 we plot a close-up of the inner part of the disc. Here, the greyscale-coded background represents the density source term. Dark shades represent large local mass injection. Note that the strongest mass injection is not where most of the disc material goes into the wind and where the jets emanate from. Instead, the strongest mass source in the disc is at intermediate radii. The injected mass ®ows rst through the inner parts of the disc towards the centre. The resulting overpressure near the centre then drives the out®ow.
There are a number of characteristic features of this jet model:
(i) the jet is hot and dense compared with the regions away from the axis;
(ii) the jet has very little angular momentum; and (iii) the jet is superfast, i.e. its speed exceeds the fast magnetosonic speed. The jet presented here is not centrifugally driven, as one might have expected. However, in the outer regions of the disc, the magnetic eld is tilted su¯ciently far away from the axis that centrifugal acceleration does occur. However, the material accelerated in that way does not directly contribute to the jet, but rather to the exterior of the jet, which is continuously gaining toroidal magnetic eld that contributes to the collimation once the magnetic pressure becomes comparable with the gas pressure in the jet ( gure 8).
Looking at the temperature (or enthalpy h = c p T ) pro le along the jet axis ( gure 9) one sees that the temperature is just slightly smaller than the initial (virial) temperature, which corresponds to the hydrostatic state (dotted line). Thus, the thermal energy in the jet is comparable with the potential energy, so
where R is the universal gas constant, the mean molecular weight, G the gravitational constant, and M the mass of the central object. Table 1 gives the temperature for some relevant values of z and for M = 1M and 10 8 M . At large distances where jets have been observed (ca. 100 AU for protostellar jets and ca. 10 kpc for galactic jets), the jet temperature does not, therefore, appear to be much larger than the observational limits. A full account of those results is to be published elsewhere .
Discussion
The purpose of this review has been to highlight the importance of magnetic elds in driving various types of activity. While stellar activity could have been considered 
z z Figure 9 . Vertical enthalpy pro¯les through $ = 0 (i.e. through the star) and $ = 0:8 (i.e. through the disc). The waves in the halo are numerically well resolved, but their excitation is probably an artefact of the instantaneous response of the disc to local mass loss. secondary in the sense that one rst has to understand stellar structure, this is no longer true in the case of accretion discs. The turbulence in discs is now believed to be driven by a magnetic instability, so, if there was no magnetic eld, there would be no turbulence and no turbulent dissipation, and, hence, no radiation. Magnetic elds are also important for jets. The eld contributes to the launching of the jet (at least from some parts of the disc) and is probably important for collimating it. The out®ows, on the other hand, provide an important channel for bringing material from the stellar disc to the interstellar medium, or from galaxies into the intergalactic cluster gas, as is shown by the high metallicities in clusters.y Our simulations imply a signi cant amount of magnetic eld injection. Preliminary estimates suggest that the surface-integrated Poynting ®ux is ca. 10% of the surface integrated kinetic ®ux, which is roughly _ M w c 2 s , where _ M w is the mass-loss rate from out®ows y I thankAke Nordlund for attracting my attention to this possibility.
or winds in general, c s is the sound speed (or possibly the fast magnetosonic speed) at the point where the ®ow becomes transonic (or superfast). Applied to the case of galaxy clusters with ca. 10 4 galaxies, each with _ M w 0:1M yr 1 = 10 25 g s 1 , and c s = 1000 km s 1 for the sound speed in the intracluster gas, we nd that the rate of magnetic energy injection for all galaxies together is L m ag = 10 44 erg s 1 . Distributing this over the volume of the cluster of V 1 Mpc 3 , and integrating over a duration of ¢t = 1 Gyr, this corresponds to a mean magnetic energy density of hB 2 =8 i 10 13 erg cm 3 , so
which is indeed of the order of the eld strength observed in galaxy clusters. Similar values are obtained when considering out®ows from stellar discs. We note that our estimate has been rather optimistic in places ( _ M w could be lower, or the relevant ¢t could be shorter, for example), but it does show that out®ows are bound to produce signi cant magnetization of the intracluster gas and the interstellar medium (see, also, V olk & Atoyan 1999). In the latter case, it will provide a good seed eld for the galactic dynamo. A dynamo is still necessary to shape the magnetic eld and to prevent if from decaying in the galactic turbulence. Similarly, many galaxy clusters undergo merging and this too can enhance and reorganize the magnetic eld.
There are many open questions that need to be addressed in the near future. There is now an urgent need to begin global simulations of the turbulent disc. As we have seen from the mean-eld calculations the properties of the large-scale eld will be a¬ected by boundary conditions and also, therefore, by the presence of an out®ow. Thus, full allowance for an out®ow should be made in such global calculations. Also, ionization and radiation processes should be included at some point to produce a realistic temperature and entropy strati cation in the disc and the lower corona. Another line of related research is to simulate the actual formation of a disc with its associated out®ows all the way from the initial collapse. This could be done both for protostars and for protogalaxies, although the detailed physics is di¬erent in those two cases. Another, perhaps simpler, problem is the study of discs in mass-exchanging binaries, because there the mass supply is sustained and the disc is, therefore, more nearly stationary on longer time-scales.
Another important problem that needs to be clari ed is whether the magnetic eld that collimates the jet can be considered given, or whether it is generated within the disc. While it is conceivable that the eld strength achieved during the collapse could be strong enough, there does not seem to be a process that could lead to appreciable eld strengths in the case of mass-exchanging binaries, such as microquasars (see Mirabel, this issue) . Thus, the model presented in the previous section, in which the eld was generated solely within the disc by dynamo action, could be more relevant to this case.
It is a pleasure to thank º Ake Nordlund and Anvar Shukurov for stimulating discussions, and Wolfgang Dobler and Brigitta von Rekowski for developing the code. I am also grateful to David Moss, Rachid Ouyed and Nigel Weiss for useful comments on the manuscript. This work was supported in part by the PPARC grant GR/L30268. D. W. Hughes (University of Leeds, UK ). The magnetic energy in your simulation of an accretion disc dynamo has not actually saturated, but continues to grow throughout your simulation. Is this not a cause for concern?
A. Brandenburg. I showed results from our rst calculations published in our 1995 paper. In that case we did not include any cooling in the disc, so the disc temperature increased by a factor of 10 during the calculation. This is the reason why no statistically stationary state could be expected. In our subsequent calculations we did include volume cooling which did produce a statistically steady state. The resulting butter®y diagram shown in gure 4 is from such a calculation, which we have been carrying out for 300 orbits, and there was no secular variation.
Y. Uchida (University of Tokyo, Japan ). We have been doing a calculation corresponding to this with a large-scale magnetic eld. The large-scale magnetic eld plays an essential role to stabilize the system. In your calculation, what stabilizes and keeps the collimated shape of the jets?
A. Brandenburg. Our calculation is only two dimensional, so the m = 1 kink instability is absent. As Ralph Pudritz points out in his paper (this issue), there is now some evidence from his recent three-dimensional calculations that the strong axial eld together with the axial ®ow contribute to stabilizing the jet. Clearly, we now need to do our calculations in three dimensions. The main purpose of our present two-dimensional calculations was to familiarize ourselves with this new parameter regime. I am not aware of any similar work where the jet is launched and collimated from a dynamo-active disc.
K. Horne (University of St Andrews, UK ). Doppler tomography results show that outbursting dwarf nova discs have two-arm spiral shock patterns. Could your local simulations begin to investigate the synergy between spiral waves and the MHD turbulent dynamo? You could impose an epicycle, i.e. a periodic modulation of vertical gravity and radial shear at twice K ep . I imagine that periodic`kneading' of the disc could enhance the dynamo, for example, by speeding up conversion of B to B z and B R .
A. Brandenburg. At some point we did try to incorporate the e¬ects of density waves, but the problem is that the density wave is not shearing with time, and is therefore not well represented in the shearing-sheet approximation. However, in recent work with Ulf Torkelsson we did look at the e¬ects of an imposed epicyclic modulation and used that to determine the rate of decay of this imposed motion. We did not see any clear enhancement of the dynamo process itself. However, our calculation may not have been long enough and we did not sustain this epicyclic motion. I think we should really turn to global simulations to address problems related to spiral patterns. It is quite possible that a transient spiral wave is a natural consequence of a viscous disc instability.
E. R. Priest (University of St Andrews, UK ). (i)
Can the turbulence produced by the Balbus{Hawley instability in your simulations answer the problem of the origin of the turbulent viscosity required in accretion discs?
(ii) You mentioned doing numerical experiments on shear-induced instabilities for the solar dynamo. How does the resulting dynamo-produced magnetic eld vary with latitude and what is its spatial scale? A. Brandenburg. (i) The local simulations show that the viscosity alpha depends on the level of the generated magnetic eld. An important caveat of local simulations is that the vertical mean eld is strictly zero. This is simply a consequence of periodic (or shearing-periodic) boundary conditions in the horizontal directions, which do not allow the vertical ®ux to change. Thus, if the vertical ®ux through the box, i.e. the vertical mean eld vanishes initially, it remains zero for all times. In a global simulation a signi cant vertical mean eld will be generated, and one must expect that this could enhance considerably the resulting value of the viscosity alpha.
(ii) In our solar convection calculations the spatial scale of the eld is comparable with the size of the computational domain. In the present simulations the eld does not show overall reversals, however. There are only some vacillations in the mean eld whose time-scale is about 10 turnover times. Given our experience with disc calculations we must expect that the properties of the large-scale eld are strongly controlled by boundary conditions and by the geometry of the simulation domain. This underlines the urgent need for global simulations. I should also mention that in the local convection simulations the dynamo alpha is again very noisy, but that its mean value is small and positive in the northern hemisphere.
S. Falle (University of Leeds, UK ). Have you done any tests to determine how realistic it is to restrict the domain of your simulations of dynamo action in accretion discs to a small box? One could for example easily do a two-dimensional calculation of the whole disc and then compare this with one in which the computational domain is a box of the same relative size as the one used in the three-dimensional calculation.
A. Brandenburg. In our accretion disc simulations we have adopted the shearing sheet approximation, which is strictly valid only at in nitely large radii. One can however restore certain 1=R factors in order to apply the simulations to a nite radius and, in particular, to remove the ambiguity between inward and outward ®ows. There is now a global simulation by Philip Armitage (Armitage 1998) , where a certain radial range is covered, but the vertical dependence is modi ed to remove vertical density strati cation. Understandably, no large-scale eld is found (this requires an alpha e¬ect, which, in turn, requires strati cation), but the small-scale dynamo activity is otherwise similar to that in our simulations. Also, the Shakura{Sunyaev viscosity alpha has similar average values to those found by us and others using local simulations.
